Denaturing gradient gel electrophoresis allowed us to monitor total bacterial communities and to establish a pattern of succession between species in vacuum-packaged beef stored at 2 and 8°C for 9 weeks and 14 days. Species-specific PCR was used to confirm the presence of Lactobacillus sakei and Lactobacillus curvatus. Multiplex PCRs using 16S rRNA-specific primers allowed differentiation between Leuconostoc species. These methods provided the desired information about microbial diversity by detecting the main microorganisms capable of colonizing this ecological niche.
Vacuum packaging under chilled conditions has proved very effective in extending the shelf life of perishable foods, such as fresh meat and meat products, and preventing the growth of food-borne pathogens (8) . The oxygen supply will be restricted, depending on the gas permeability of the packaging film, and thus has a selective effect on the microbial population (22) . Lactic acid bacteria (LAB), such as Lactobacillus spp., Leuconostoc spp., Carnobacterium spp., and Brochothrix thermosphacta, are the main spoilage organisms associated with chilled vacuum-packaged fresh-meat products (6, 18, 21, 26, 33) . Shortly after vacuum packaging of meat, LAB populations are usually below the routine detection limit (Ͻ10 CFU/g), but they increase during storage (19) . Although LAB can cause meat spoilage, a selective growth promotion of LAB capitalizing on their ability to control meat-borne pathogens with a preferential growth of benign strains would minimize their spoilage effects (7, 25, 32, 34) .
Methods in molecular microbiology, especially those including the sequencing of genes coding for 16S rRNA, have become a very important tool in the study of bacterial communities in meat samples. The trend is toward culture-independent methods, because they are believed to overcome problems associated with selective cultivation and isolation of bacteria from natural samples. Genetic-fingerprinting techniques provide a profile representing the genetic diversity of a microbial community from a specific environment. Denaturing gradient gel electrophoresis (DGGE) is usually employed to assess the structure and dynamics of microbial communities in food samples without cultivation in response to environmental variations (13, 14, 15, 27) . Species-specific PCR is a rapid and reliable molecular technique for the characterization of bacterial communities, and it can be also applied in situ without colony isolation (2) . The variations in length and sequences of the 16S/23S rRNA intergenic spacer regions of the rRNA operon have proved useful for strain and species identification (2, 3, 17) . In this work, we describe the application of cultureindependent methods to the study of the microbial succession dynamics in vacuum-packaged beef stored at 2 and 8°C for 9 weeks and 14 days, respectively.
Bacterial control strains and growth conditions. Lactobacillus sakei CRL1463, Lactobacillus curvatus CRL 1465, and Leuconostoc gelidum CRL 1542 (CERELA culture collection) were used as reference strains. L. gelidum and the lactobacilli were cultured in MRS broth (Merck) at 20 and 30°C, respectively. After the bacteria were streaked on appropriate agar plates, DNA extraction was performed using Microlysis (LABOGEN, United Kingdom) in accordance with the protocol described by the manufacturer.
Meat storage and sampling. A 4-kg cut of lean beef (Musculus semimembranosus) was purchased about 48 h after slaughter from two different meat shops. Each refrigerated meat cut was divided into small pieces (each weighing about 10 g) after the superficial meat layer (ϳ0.5 cm) had been removed to restrict contamination. Cutting was carried out at ambient temperature with a sterile knife, and each piece was immediately placed in a sterile plastic bag (Cryovac, Argentina; O 2 transmission rate, 10 to 30 cm 3 m Ϫ2 atm Ϫ1 24 h Ϫ1 at 25°C and 75% relative humidity) sealed at a final vacuum of 99% using a vacuum-packaging machine (TURBO VAC 320ST; Howden Food Equipment, The Netherlands). Samples were analyzed after 1, 3, 6, and 9 weeks and 4, 6, 9, and 14 days of storage at 2 and 8°C, respectively. All experiments were carried out in duplicate. One-way analysis of variance was used; a P value of Ͻ0.05 was considered statistically significant.
Bacterial enumeration and pH measurements. A 10-g portion of each beef sample was homogenized in 90 ml of 0.1% peptone, pH 7.00 (Difco Laboratories, Detroit, Mich.) in a Stomacher Lab-Blender (model 400; A. J. Seward Laboratory, London, England). Decimal dilutions were prepared, and the following analyses were carried out on agar plates: total aerobic counts on plate count agar (48 h at 30°C); LAB on MRS agar (Merck), pH 6.5 (48 h at 30°C) in an anaerobic jar (Anaerocult C Microphilic gas generator; Merck, Germany);
Pseudomonas on Cetrimide agar (Oxoid) (72 h at 20°C); Brochothrix thermospahacta on STAA selective agar (Oxoid) (48 h at 20°C); and total coliforms on McConkey agar (48 h at 37°C). Unless otherwise specified, all media and ingredients were obtained from Britania (Argentina). The pin electrode of a pH meter (692 pH/Ion meter; Metrohm) inserted directly into the sample was used for pH determinations. Three independent measurements were performed for each sample. Bacterial counts and pH changes throughout storage are shown in Table 1 . The mean of the pH values decreased during storage at 2 and 8°C to final values of 5.17 Ϯ 0.03 and 5.24 Ϯ 0.02, respectively. LAB counts increased from 10 2 to 10 6 CFU/g after 14 days at 8°C and 6 weeks at 2°C, while total bacterial counts reached 10 5 CFU/g; both populations had a lower growth rate at 2°C. The dominance of LAB in meat is consistent with their ability to multiply under low oxygen concentrations and chilled conditions, with their growth rate accelerating as the temperature increases (20, 30) . In this work, LAB counts were rather lower than the ones reported for vacuum-packaged beef stored for 6 to 8 weeks at temperatures between Ϫ1.5 and 4°C, with final counts of 10 7 to 10 8 CFU/g (5, 19, 28) . B. thermosphacta increased from 10 2 CFU/g (time zero) up to 10 4 CFU/g at both temperatures assayed, while Pseudomonas and Enterobacteria cell counts were below the detection limit (data not shown). The drop in pH values observed in meat samples may be attributed to the selective growth of LAB, which may also have contributed to the inhibition of gram-negative meat-borne organisms (Pseudomonas and Enterobacteria). Moreover, the lower cell counts obtained in our study can be explained by the removal of the external meat layer during sampling, partially eliminating superficial meat contamination.
DGGE analysis. The total microbiota was monitored by DGGE during chilled storage. DNA extraction from meat samples, PCR amplification of V1 and V3 variable regions of the bacterial 16S rRNA gene, and the electrophoresis protocol were performed according to the method of Fontana et al. (16) . In this study, different denaturing gradients were assayed for each PCR product in order to obtain the best species discrimination. Denaturing gradients of 35 to 60% and 30 to 50% (100% corresponded to 7 M urea and 40% formamide) were used for V3 and V1 DGGE analyses, respectively. Pure cultures of the reference strains L. sakei, L. curvatus, and L. gelidum were included in DGGE analysis (Fig. 1A and B) . DGGE profiles belonging to the same bacterial species showed the presence of multiple bands with different migration distances, confirming the presence of multiple copies of the 16S rRNA genes as previously described by other authors (9, 13). However, species discrimination and monitoring of bacterial changes during storage could be performed, since no overlapping between PCR fragments was observed. DGGE profiles from the V3 and V1 variable regions showed fluctuations in the microbial populations (Fig. 1) . Fragments from both variable regions analyzed that migrated to the same position as those obtained from pure cultures were excised from the gel, reamplified, and sequenced, and their relative identifications were obtained by alignment in GenBank (1). DGGE profiles showed faintly staining fragments at time zero (bands a) that coincided with the migration distance of the 16S fragment from L. sakei (Fig. 1 ). This band was observed throughout the storage period on the V3 DGGE profile (Fig. 1A) . Fragments corresponding to L. curvatus (bands b) became evident after 4 days at 8°C and from the first week at 2°C and were detected until 14 days and 9 weeks of storage at 8 and 2°C, respectively (Fig. 1) . Other DGGE bands comigrating with the band obtained from L. gelidum (band c) were identified as Leuconostoc spp. and appeared from day 9 and from week 6 in the samples stored at 8°C and 2°C, respectively (Fig. 1) . Band d was detected only at 2°C (week 9) when the V3 bacterial 16S fragment was analyzed (Fig. 1A) . The sequence analysis showed that this band was linked to the species B. thermosphacta. Although DGGE was used to analyze other meat-based environments (9, 10, 15, 27) , as far as we know, this is the first report that used DGGE analysis to rapidly check the bacterial community present on vacuum-packaged meat during chilled storage. In this work, LAB populations were mainly represented by L. curvatus, L. sakei, and Leuconostoc spp. Similar results were obtained using DNA sequence analysis and random amplified polymorphic DNA-PCR to identify strains isolated from vacuum-packaged beef stored at 2°C (36) . B. thermosphacta was detected by DGGE at the last sampling point at 2°C, having been frequently reported as a major contaminant in raw meat (30) . Species-specific detection of Lactobacillus. PCR was performed using primers complementary to species-specific sequences in the 16S/23S rRNA gene spacer regions designed by Berthier and Ehrlich (4). The PCR mixture contained 1ϫ Master Mix PCR (Promega, Italy), 1.5 mM MgCl 2 , 0.3 M of each primer, and ϳ300 ng of meat DNA as a template. Amplifications consisted of 1 cycle of denaturation for 5 min at 94°C, 20 cycles at 94°C for 1 min, annealing at 55°C for 1 min, extension at 72°C for 1 min, and a final step at 72°C for 7 min. The specificity of the L. sakei (16S/Ls) and L. curvatus (16S/Lc) primers was demonstrated in two separate PCRs using the respective reference strains as positive controls (Fig. 2) . A specific band using 16S/Ls primers was observed only at time zero (Fig. 2a) , while the specific bands obtained with 16/Lc primers (Fig. 2b) were present during the rest of the storage period at both temperatures. The results obtained here are in agreement with previous studies, which underline how L. sakei/L. curvatus association largely dominates fresh beef, meat, and fish products under vacuum or modified atmospheres (11, 24, 29, 35, 36) . However, Lactobacillus algidus was reported as the predominant species in chilled vacuum-packaged beef when its sodium dodecyl sulfate-polyacrylamide gel electrophoresis whole-cell protein profile was examined (28) . In this study, the use of the 16S/Ls specific primers did not allow the detection of L. sakei during the complete storage period, indicating their low sensitivity in species-specific PCR when DNA extracted directly from meat is used as a template. Although this technique is a rapid and reliable molecular tool for the characterization of bacterial communities without colony isolation, its sensitivity can be reduced due to the complexity of the food matrix and the presence of PCR inhibitors (2) . Difficulties in recognizing species or genera of LAB when the PCR profiles were complex were also reported in the evaluation of microbial diversity in different types of Mozzarella cheese (12) . 
L. gelidum Lgel-f 5Ј-TCGTATCGCATGATACAAG-3Ј 1,290 Lgel-r 5Ј-TAGACGGTTCCCTCCTTAC-3Ј
L. lactis
Llac-f 5Ј-AGGCGGCTTACTGGACAAC-3Ј 742 Llac-r 5Ј-CTTAGACGGCTCCTTCCAT-3Ј
L. mesenteroides Lmes-f 5Ј-AACTTAGTGTCGCATGAC-3Ј
1,150 Lmes-r 5Ј-AGTCGAGTTACAGACTACAA-3Ј a Expected size of an amplified PCR fragment using species-specific primer set. Multiplex PCR for Leuconostoc species detection. Speciesspecific primers targeted to the genes encoding 16S rRNA (Table 2 ) and the PCR amplification conditions described by Lee et al. (23) were used to differentiate between Leuconostoc species present during beef chilled storage. The multiplex PCR assay comprises two separate reactions, one using primer set A for Leuconostoc carnosum, Leuconostoc citreum, and Leuconostoc mesenteroides species identification and the other using primer set B for L. gelidum and Leuconostoc lactis. The specificity of the PCR assay was checked using the corresponding reference strains (data not shown). The PCR mixture (50 l) contained ϳ300 ng of meat DNA as a template. When primer set A was used, a specific band corresponding to L. carnosum appeared on day 9 (Fig. 3a) ; it was also detected on day 14 as a very faint band in meat samples stored at 8°C. The same band was observed during weeks 6 and 9 at 2°C (Fig. 3b) . When primer set B was used (Fig. 4) , a specific band corresponding to L. gelidum was detected from day 4 at 8°C ( Fig. 4a) and from week 3 at 2°C (Fig. 4b) . Specific bands were sequenced to confirm the identities of the Leuconostoc species identified (data not shown). Results from DGGE indicated that Leuconostoc constitutes another relevant member of the LAB group present in chilled vacuum-packaged meat, and L. gelidum and L. carnosum were identified as the representative species by multiplex PCR. L. gelidum was previously reported as a common LAB able to dominate beef stored at low temperatures (28, 31, 36) .
The molecular techniques used in this study provide a rapid and easy method for the identification of LAB associated with fresh vacuum-packaged beef; this approach is helpful in the tracking of LAB communities developed in raw meat. Even though the molecular bases for the predominance of L. sakei, L. curvatus, and L. gelidum found in this study have not been determined, this information will be valuable when designing and evaluating intervention strategies used to extend the storage life of meat.
Nucleotide sequence accession numbers. Nucleotide sequences obtained from DGGE bands aЈ, bЈ, and d (Fig. 1A) were published under the following GenBank accession numbers: DQ336385, L. sakei (98% identity); DQ336384, L. cur- 
